SUMMARY Twenty-three coronary bypass graft patients were evaluated by a contrast-enhanced computed tomography (CT) technique to determine graft patency. Four to six 4.8-second sequenced scans with a 1-second interscan interval were obtained in each patient during the hand injection of 25-30 ml of contrast medium in a peripheral vein. Patency of grafts was determined by a characteristic contrast enhancement. The CT technique correlated with angiographic assessment of graft patency in 59 of 62 grafts (95% Scanners for computerized transmission tomography (CT) have been considered too slow for clinically useful imaging of the beating heart.9 However, development of a commercially available body scanner with a scanning rate of 4.8 seconds and the ability to repeat scans after a 1-second interval has permitted scans of cardiovascular structures with remarkable resolution. The use of contrast medium to enhance vascular structures imaged by this method shows clinical promise.'0 We are reporting our experience using this new noninvasive technique to determine coronary bypass graft patency.
MORE THAN 70,000 coronary bypass operations are performed annually in the United States.' Longterm improvement in symptoms and exercise capacity is closely associated with adequate revascularization. However, recurrence of symptoms, usually chest pain, is not rare. 3 Postoperative evaluation of patients by noninvasive methods has included the assessment of myocardial perfusion4' and left ventricular function. 6 7 Noninvasive determination of graft patency has been attempted with a Doppler method, but evaluation of circumflex grafts by this technique is unreliable.8 Accurate determination of graft patency requires invasive angiography.
Scanners for computerized transmission tomography (CT) have been considered too slow for clinically useful imaging of the beating heart.9 However, development of a commercially available body scanner with a scanning rate of 4.8 seconds and the ability to repeat scans after a 1-second interval has permitted scans of cardiovascular structures with remarkable resolution. The use of contrast medium to enhance vascular structures imaged by this method shows clinical promise.'0 We are reporting our experience using this new noninvasive technique to determine coronary bypass graft patency.
Methods

CT
A General Electric CT/T 7800 fan-beam, wholebody scanner was used for this study. The fan-shaped x-ray beam rotates around the patient and completes a 360°angle of reconstruction in 4.8 seconds. All tomographic sections obtained in this study are 1 cm thick. The equipment is programmed to repeat scans after a 1-4-second interval. As many as six sequenced scans may be obtained. We did not attempt in this study to gate the scans to the cardiac cycle.
Patients were studied after a minimum 3-hour fast; no premedication was used. All scans were obtained during the rapid hand injection of a 25-30-ml bolus of methylglucamine diatriazoate (Renografin-76) in an antecubital or external jugular vein. The scanning sequence was initiated at the beginning of the contrast injection. Injection time averaged 5 seconds and the total scanning period was 31-34 seconds. The first nine patients evaluated had four sequenced scans with a 4-second interval between scans. Subsequent patients had six sequenced scans with a 1-second interval between scans. The patients held their breath at end-inspiration throughout the scanning period. Before sequential scanning, single axial scout scans were obtained at I-cm intervals from 7-12 cm above the xiphoid process to locate the level of the metallic clips placed by the surgeon to identify aortograft anastomoses. The sequenced scans were then performed during contrast enhancement 1 cm below the most caudal clip to minimize streak artifact and to ensure that all grafts would traverse the level chosen.
Cardiac Catheterization
All patients were catheterized after surgery to determine graft patency. Grafts were selectively opacified and filmed in at least two views (600 left anterior oblique [LAO] and 300 right anterior oblique [RAO] 
Results
Patent coronary bypass grafts can be identified on sequential CT scans by a characteristic enhancement with contrast medium that coincides with appearance of contrast in the aorta ( fig. 1 ). Conversely, occluded grafts are not enhanced after injection of contrast medium. An internal mammary artery was used for a graft in one patient, but all other grafts were constructed from saphenous veins.
Early in the study CT scans were interpreted with full knowledge of the catheterization results. After gaining experience in recognizing patent grafts, subsequent scans were interpreted without knowledge of the catheterization results. Also, the initial studies were reinterpreted by two observers. One observer had no knowledge of the catheterization results.
Twenty-three patients had 62 grafts (average 2.7 per patient) placed at surgery. Three patients had second operations, when additional bypasses were performed.
Forty-one grafts (66%) were demonstrated to be patent at cardiac catheterization. fig. 1) . The technique is dependent on delivery of a compact bolus of contrast medium. This is usually possible using an antecubital vein for the injection; however, sometimes the contrast will "hang up" at the shoulder. If repositioning the arm does not correct this problem, the external jugular vein is an effective alternative route. Selection of the proper scanning level requires scout scans to identify the metal clips placed during surgery to mark aortograft anastomoses. The scanning level for the contrast-enhanced sequence should be just below the most caudal metal clip to insure inclusion of all grafts and avoid streak artifact. Also, this portion of the aorta moves very little during the cardiac cycle FIGURE 2. The scan on the left shows a graft diverticulum that could be misinterpreted as a patent graft. However, the scan on the right is taken 1 cm more caudally, showing no evidence of a patent graft. Both scans are taken at peak enhancement of the aorta with contrast medium. ASCEND AO = ascending aorta. minimizing motion artifact, and the scanning level is usually cranial to the coronary arteries. This is desirable because the right coronary artery can be confused with a right-sided bypass graft ( fig. 3 ). The patient must hold his breath throughout the scanning sequence, or there will be small but significant shifts in the scanning level. We recommend scanning all patients at a minimum of two levels to avoid misinterpretation such as experienced in patient 18 ( fig. 2) . We perform the second scanning sequence 1 cm caudal to the first.
A complete knowledge of the anatomic relationships of cardiovascular and other thoracic cavity structures as depicted in the transverse view of the CT scan is necessary for interpretation; otherwise, coronary arteries, pulmonary veins and internal mam- mary arteries can be misinterpreted as patent bypass grafts.
Accurate interpretation of contrast-enhanced CT scans is greatly aided by a thorough description by the surgeon of the number, type, and course of the coronary bypass grafts. Attention to these factors and all the others summarized should prevent false-negative and false-positive diagnoses of patent coronary bypass grafts by this technique. Future development of scanners with shorter exposure time and multiple simultaneous slice capability should further improve the diagnostic accuracy of this technique.
To confirm that patent bypass grafts could be detected by this intravenous bolus technique, a patent right coronary graft was selectively injected with contrast medium during a CT scan (fig. 4) This initial study indicates that CT of coronary bypass grafts during contrast enhancement has promise as a new, relatively noninvasive technique for determining bypass graft patency. However, experience with more patients in whom graft status is known is necessary. Scanners with shorter exposure time, higher repetition rate and the capability of performing multiple scans simultaneously should further increase the usefulness of this method. These technical advances will generate more data points of the contrast-dilution curve and this may make evaluation of relative graft flow possible. 
